Background The purpose of this study was to identify and synthesize findings from all articles on surgical and longterm outcomes in patients with gastric cancer undergoing gastrectomy combined with pancreaticoduodenectomy (PD). Methods Electronic literature searches were conducted using Medline, EMBASE, and Cochrane databases from January 1, 1985, to December 31, 2009. Results Eight retrospective case series were included, with 132 patients having PD combined with gastrectomy. PD was combined with total gastrectomy in 27 patients, and subtotal gastrectomy in 81 patients; 24 patients had undocumented gastric resection type. Clinical stage was available for 92 patients (4 stage I, 7 stage II, 26 stage III, and 55 stage IV). Five studies (98 patients having PD combined with gastrectomy) compared PD and gastrectomy to gastrectomy alone. In the four studies reporting morbidity, PD had a higher morbidity. The pooled pancreatic anastomotic leak rate was 24.5% for the seven studies in which complications were reported; however, there were no peri-operative deaths. Long-term survival (37.3% at 5 years) in gastric cancer patients with PD combined with gastrectomy was described; however, survival was poor in the setting of incurable factors. Due to heterogeneity of patients and staging techniques in the case series no recommendations can be made on the appropriate selection criteria for patients undergoing PD and gastrectomy. Conclusion PD for gastric cancer invading the pancreas is associated with a higher morbidity; given the heterogeneous data, defining exact selection criteria is difficult.
Introduction
In North America and Europe, gastric cancer commonly presents at a late stage with frequent involvement of surrounding organs, and is generally associated with poor outcomes [1, 2] . The pancreas is involved in up to 50% of advanced cases; often it is the only organ involved [3, 4] .
An R0 resection of gastric cancer is essential to achieve long-term survival, and at times this can only be obtained by multivisceral resection [5, 6] . Several studies have reported that combined resection of adjacent organs such as spleen, colon, or distal pancreas is associated with improved survival in patients with locally invasive gastric cancer [5, 7, 8] . In cases of invasion of the head of the pancreas or extensive infiltration into the duodenum, a pancreaticoduodenectomy (PD) would be necessary to achieve cure (R0) and improve overall survival (OS). However, given the risk of complications associated with PD, and unknown benefit in terms of OS, a palliative bypass has often been advocated as the procedure of choice [4] .
Advances in peri-operative management and surgical technique have resulted in a lower morbidity and mortality associated with a PD; consequently, the indications for this procedure have been expanded. Favorable results of PD for locally advanced gastric cancer have been reported in a few studies, but it remains a controversial procedure [4, [9] [10] [11] [12] [13] [14] [15] . The purpose of this study was to identify and synthesize short-and long-term outcomes from all articles on patients undergoing gastrectomy combined with PD for gastric cancer.
Methods

Data sources
Electronic literature searches were conducted in Medline and EMBASE from January 1, 1985 , to December 31, 2009, according to the search algorithm presented in Appendix A. Search terms included: [exp Stomach Cancer/ or (((gastric or stomach) adj1 cancer$) or ((gastric or stomach) adj1 carcinoma) or ((gastric or stomach) adj1 adenocarcinoma) or ((gastric or stomach) adj1 neoplasm$)).mp.] and [((negative or resection) adj2 margin$).mp. or exp frozen section/or exp GASTRECTOMY/ or ((gastric or stomach) adj2 resect$).mp. [ 
Study selection and review process
To be eligible, studies had to meet the following criteria: (1) PD in patients diagnosed with histopathology-confirmed gastric adenocarcinoma; (2) complication or survival data was reported; (3) published in peer-reviewed journals from 1985 to 2009; and (4) published in English. Studies were excluded according to the following exclusion criteria: (1) involved animals and/or ex vivo samples; (2) involved patients with mixed cancer or studies investigating PD in other cancers with no separate analysis of gastric cancer subjects; (3) studies that did not provide sufficient information to determine complication or survival data; (4) review articles, meta-analyses, abstracts, conference proceedings, and editorials/letters; and (5) duplicated case reportings. All electronic search titles, selected abstracts, and full-text articles were independently reviewed by a minimum of two reviewers (NC, LH, RC, and RS). Reference lists from review papers and relevant articles were also examined for additional studies that met our inclusion criteria. Disagreements on study inclusion/ exclusion were resolved with a consensus meeting.
Data extraction
A systematic approach to data extraction was used to produce a descriptive summary of participants, interventions, and study findings. The first reviewer (RS) independently extracted the data and a second reviewer (PR) checked the data extraction. No attempt was made to contact authors for additional information.
Results
A total of 142 titles/abstracts were identified from the electronic searches and reference lists as multivisceral resection articles with possible PD cases for preliminary review. After removal of duplicates and screening for relevant titles, abstracts, and reference lists, a total of 11 articles were submitted for a full-text review. There were no prospective or randomized series (Table 1) ; consequently, 8 retrospective case series [4, [9] [10] [11] were included in this review (Fig. 1) .
One hundred and thirty-two patients were identified as having PD combined with gastrectomy; 68 were male, 42 female, and gender was unavailable for 22 patients. PD was combined with total gastrectomy in 27 patients, with subtotal gastrectomy in 81 patients, and the gastric resection type was not documented in 24 patients. The clinical stage was available for 92 patients: 4 were stage I; 7 stage II; 26 stage III; and 55 stage IV. T stage was available for 115 patients (37 T1-2, 19 T3, and 59 T4). The nodal stage was available for 112 patients (24 N0; 17 N1; 29 N2; 42 N3); 10 patients were described as node-positive, but a definitive nodal stage was not given, and 10 patients were described as N1-2. All patients were staged using the Japanese Research Society for Gastric Cancer (JRSGC) classification system. Five of the 42 patients with N3 disease were staged using the 2nd English edition of the JRSGC staging.
The indications for PD and gastrectomy were duodenal invasion beyond the pyloric ring by gastric cancer, gastric cancer infiltration into the pancreas, and nodal metastases around the pancreatic head. The timing of the decision to perform a PD with gastrectomy was provided in 2 out of the 8 studies; in one study the decision to perform PD was described as based on pre-operative staging [14] , while in another it was based on operative findings [4, [9] [10] [11] [12] [13] 15] . The utilization of intra-operative frozen sections to determine margin status prior to embarking upon a PD was not noted.
Six of the eight studies did not describe or report on staging investigations used prior to PD and gastrectomy [9] [10] [11] [12] [13] 15] . Chan reported performing endoscopic ultrasound in 4 of 7 patients; pancreatic invasion was detected in one patient and was confirmed histologically [4] . The use of computed tomography (CT) or magnetic resonance imaging (MRI) was not reported in Chan's study. Lee reported staging investigations with abdominal CT scan, and if needed, chest CT and/or bone scan to rule out metastasis; PD was then performed after the exclusion of metastatic disease [14] .
Four of the eight studies reviewed did not report the usage of chemotherapy or radiation therapy [10, 11, 14, 15] . Neoadjuvant chemotherapy was described in one study and this was used in four of 7 patients only [4] . Adjuvant chemotherapy was used in four of the eight studies, with one study not reporting the number of patients receiving adjuvant chemotherapy [4, 9, 12, 13] . The number of patients known to have received adjuvant chemotherapy was 52. The chemotherapeutic regimens reported for adjuvant therapy were mitomycin C with 5-fluorouracil; etoposide, leucovorin, and 5-fluorouracil; and mitomycin C with tegafur [9, 12, 13] . Radiation therapy was not reported in any of the studies reviewed.
Abstracts identified from search = 142
Articles excluded based on title and abstract = 131
Articles selected for full text review = 11
Articles excluded = 3
• No separate analysis of PD patients = 3
Articles included in this systematic review = 8 Fig. 1 Article selection flow. PD pancreaticoduodenectomy In all studies, patients undergoing PD had a higher morbidity. The morbidity associated with gastrectomy and PD was higher than that associated with gastrectomy alone (23.1-73.9% compared to 3.2-31.9%) [9, 10, 13] . The pooled pancreatic leak rate was 24.5% for the five studies in which it was reported; there were no peri-operative deaths.
Five studies (98 patients having PD combined with gastrectomy), compared survival outcomes of PD and gastrectomy to those with gastrectomy alone [9] [10] [11] [12] [13] (Table 1 ). In their study of patients with extension into the duodenum, Ajisaka et al. [11] reported no difference in 5-year OS between the group with PD and gastrectomy versus those undergoing gastric resection alone for duodenal invasion by gastric cancer once a negative margin was achieved (37.3 and 33.8%, respectively). However, they showed a trend towards worse survival in the gastrectomy-alone patients compared to the PD patients when the gastrectomy group included both patients with positive and negative resection margins (5-year OS of 15.9 vs. 35%; not significant [NS] ). Comparing patients who underwent a PD combined with gastrectomy with those who underwent gastrectomy alone, Hirose et al. [9] found median survival was improved for patients with T4 disease (19 vs. 9 months, P = 0.0478), but not for those with N3 disease (19 vs. 20 months, NS). Saka et al. [10] showed that PD combined with gastrectomy achieved a 5-year OS of 34.3%. Patients without incurable factors (para-aortic lymph node metastasis, positive lavage cytology, and peritoneal dissemination) had a 5-year OS of 47.4%, while those with incurable factors undergoing PD and gastrectomy had a 5-year OS rate and median survival of 0% and 6 months, respectively [10] . Wang et al. [12] analyzed patients with disease in the pancreatico-duodenal region and reported a significant difference (P = 0.0064) in survival for those undergoing a PD with gastrectomy (34% 3 years OS) compared to a palliative and explorative group of patients with gastric cancer (5.6% 3-year OS). The latter group was composed of a heterogeneous set of patients who underwent a palliative gastrectomy, bypass, or exploration only, or no resection due to the presence of additional metastases or poor physical state [12] . Yonemura et al. [13] examined the survival of 89 patients with distal gastric cancer with duodenal invasion, invasion to the pancreatic head, or N3 metastases; 26 of these patients underwent PD, gastrectomy, and right colectomy, while 63 underwent a gastric resection only. Survival was better in the multivisceral group compared to the simple gastrectomy group for those patients with infiltration of cancer into the head of the pancreas, N3 metastases, and/or stage IV disease, but not for those with duodenal invasion [13] .
Within the series of 132 cases, at least 19 patients (14%) who had PD combined with gastrectomy survived beyond 5 years. However, this maybe an underestimate of the actual achievable survival, as some publications did not report on individual patient survival. The stage was available for 11 of these 19 patients surviving beyond 5 years (2 stage I, 6 stage III, and 3 stage IV by the Japanese clinical staging system). Four patients survived for 10 years (1 stage II, 1 stage III, and 2 stage IV). In Yonemura's study, the 5-year overall survival for stage IV patients (by the JRSGC staging system) was 44% after PD combined with gastrectomy [13] .
Discussion
Gastric cancers with invasion of adjacent organs portend a poor prognosis for patients and present a formidable surgical challenge. The principles of curative-intent surgical oncology demand an en-bloc resection of organs potentially invaded by cancer. In cases of duodenal or pancreatic invasion, this necessitates a PD with a gastrectomy. For many years, the operative risk of the PD outweighed the potential benefit, but with advances in surgery and improvements in peri-operative care, it has become a more viable option to attain long-term survival.
Prediction of the overall survival of patients with gastric cancer and selection of the most beneficial treatment plan/ operative strategy depends on accurate staging. However, this is problematic. Some patients may have microscopic disease not recognized at the time of the operation, while others may be, inaccurately, presumed to have tumor invasion into contiguous organs due to large inflammatory perigastric lymph nodes or extensive desmoplastic reaction surrounding the tumor. This difficulty in T-stage assessment may result in a patient mistakenly undergoing an extended gastric resection or being deemed palliative. Indeed, over-staging was documented in 34% of patients in the Ozer series, 36.6% of the Jeong series, and 33% of the Hirose series [6, 9, 16] . Over-staging may have led to patients undergoing an unnecessary multivisceral resection, when a simple gastrectomy would have resulted in the same long-term outcome. Unfortunately, the accuracy for determining T4 status by CT (80% with the use of multidetector CT scans [17] ), or endoscopic ultrasound (79%, [18] ) is far from perfect. The pre-operative radiologic investigations that occurred prior to these resections were not described by the majority of the primary articles and only one study reported the use of preoperative endoscopic ultrasound (EUS). Increasing experience with EUS may greatly benefit patients with advanced gastric cancer, by decreasing the number of patients who are over-staged, thus preventing a multivisceral resection, with its associated complications, in patients who do not have true adjacent organ invasion. Unfortunately, experienced clinicians recognize the difficulty in determination of adjacent organ invasion and they also recognize that the decision for multivisceral resection must often be based on surgical findings [16] .
Morbidity rates were not satisfactorily reported in some of the papers included in this review, leading to an inability to pool the morbidity data. However, from the morbidity data that were reported, the complication rate associated with gastrectomy and PD was higher than that associated with gastrectomy alone. The main complication unique to the PD group was pancreatic duct leakage, with a pooled average rate of 24.5%, which is similar to the 26.7% reported pancreatic leak rate in the pancreatic cancer literature [19] . There are multiple definitions and grading systems for pancreatic leaks, and reported rates of leak will vary depending upon which definition is used [19] . The pancreatic leaks in this analysis were managed mainly conservatively and there were no peri-operative mortalities, meaning most were low grade, or grade A according to the International Study Group on Pancreatic Fistula [20] .
A recently published study showed that the 5-year survival rate of gastric cancer invading adjacent organs was influenced by histologic type, lymph node metastasis, liver metastasis, peritoneal dissemination, extent of lymph node dissection, and curability of operation [21] . Of these, independent prognostic factors for survival were lymph node metastasis, classified according to the Union International Contre le Cancer (UICC)/American Joint Committee on Cancer (AJCC) 6th edition guidelines (N2, N3 versus N0, N1, relative risk 2.028, P \ 0.001), liver metastasis (present versus absent, relative risk 1.582, P = 0.023), and curative resection (no versus yes, relative risk 1.719, P \ 0.001). A significant survival benefit for curative resection (R0) was observed, with a 5-year OS rate of 21.5% compared with non-curatively resected cases (R1) (5.1%) [21] . These factors all appear to be important in the selection of patients for PD combined with gastrectomy; however, the exact criteria for selecting patients for PD cannot be fully elucidated in the data found in the 8 articles examined in this review.
Appropriate patient selection is critical for achieving long-term survival. Saka et al. [10] showed that patients who underwent a PD with gastrectomy, in the absence of incurable factors (para-aortic lymph node metastasis, positive lavage cytology, and peritoneal dissemination) had a median survival of 26 months and achieved a 47.4% 5-year survival in comparison to a median survival of 6 months in those patients with incurable factors. Clearly, prior to embarking upon this type of multivisceral resection, thorough preoperative investigations must be performed, including peritoneal lavage and CT imaging to rule out metastatic disease. However, in the majority of the 8 articles in the present review, pre-operative investigations are not described and thus the most efficacious staging method cannot be elucidated.
An R0 resection must be achieved, as long-term survivors with positive margin resections or residual disease are rare; Saka et al. [10] found a 7.9% 5-year survival in R1 patients. Similarly, Wang et al. [12] also found significantly worse survival outcomes for patients with positive microscopic margins following PD combined with gastrectomy (P = 0.0174). When negative margins were achieved, Ajisaka et al. [11] showed the survival outcome of PD combined with gastrectomy to be equal to that of simple gastrectomy (37.3 and 33.8%, respectively, NS). Wang proposed PD in combination with gastrectomy for: (1) head of pancreas invasion by gastric cancer, (2) infiltration of gastric cancer into the duodenum, and (3) invasion of the inferior segment of the common bile duct by gastric cancer [12] . Although it is difficult to draw conclusions based upon the small number of patients in the present systematic review, the benefit of PD combined with gastrectomy appears to be most pronounced in patients with direct extension of a gastric cancer into the pancreas, as illustrated by the T4 cancers of the Yonemura series, where a highly significant difference in survival was found between patients undergoing a PD combined with gastrectomy compared to simple gastrectomy for invasion of the pancreas [13] . Alternatively, there were mixed outcomes for patients resected with a PD combined with gastrectomy when the indication for PD was infiltration into the duodenum. Yonemura et al. found no difference in survival for patients who underwent a PD or gastrectomy for duodenal invasion [13] . Ajisaka et al. [11] examined 69 cases of mucosal, submucosal, and nodal invasion into the duodenum. In the patients resected curatively, there was improved 5-year OS for mucosal involvement (45.3%) compared to results for submucosal (13.3%) and nodal (0%) involvement. The type of duodenal invasion likely represents the biologic aggressiveness of the cancer and thus must be considered before embarking upon an extended resection. For both direct invasion into the pancreas and duodenal infiltration, there may have been overstaging, and thus multivisceral resection occurred in patients who did not benefit from this aggressive resection. For example, although Saka et al. [10] report an overall 5-year survival of 47.4% for patients who did not have incurable factors, of the nine patients who did not die from gastric cancer, four had T2 cancers, 2 had T3 cancers, and only 3 had T4 cancers. Ajisaka et al. [11] report that the average length of duodenal invasion was 17.7 ± 6.6 mm, which, in many cases, may be resected with an extended duodenal resection, rather than a formal PD. In fact, they show that the survival for patients with C30 mm compared to \30 mm was not significantly different, although the margin status for these cases is not clear.
The most controversial indication for PD combined with gastrectomy is that of peri-pancreatic lymph node involvement. Ajisaka et al. [11] found no 2-year survivors for patients with nodal invasion into the duodenum, regardless of the resection technique. Likewise, Hirose found no difference in median survival (19 vs. 20 months, NS) between the PD and simple gastrectomy groups in patients with N3 disease [9] . Contradicting these findings, Yonemura et al. [13] did find a statistically significant difference in survival for patients with Japanese Staging System N3 disease who underwent PD combined with gastrectomy and right colectomy compared to those with gastrectomy alone. The addition of the right hemi-colectomy was rationalized as necessary for nodal clearance, and may be partially responsible for this difference in results.
It is important to note that although all of the included articles in this review utilized the Japanese T, N, M classification system, some used the 1st English edition published by the JRSGC in 1995 [22] , some used JRSGC editions previously published in Japanese, while others used the 2nd English edition published by the Japanese Gastric Cancer Association (JGCA) in 1998 [23] . The main difference between the 1st and 2nd English editions is the classification of N stage. In the 1st English edition there were five N stages (N0, N1, N2, N3, N4), with N3 referring to metastases in the hepatoduodenal, pre-and retropancreatic, and superior mesenteric nodes, while N4 referred to metastases in the para-aortic nodes. In the 2nd English edition, only four N stages were defined (N0-N3), with the N4 stage being collapsed with the N3 stage [22, 23] . However, the UICC/AJCC staging guidelines [24] consider retropancreatic, aortic, para-aortic, portal, retroperitoneal, and mesenteric metastases as M1 disease (distant metastases). In the 3rd and 4th editions of the UICC/AJCC guidelines, hepatoduodenal metastases were considered as M1 disease, while the 5th and 6th editions re-classify them as regional lymph nodes and not distant metastases [24] . The prognostic importance of lymph node involvement has been examined in many series of multivisceral resections (other than PD) for gastric cancer [6, 21, [25] [26] [27] [28] , with most finding no survival benefit for extended resections in patients with extensive lymph node involvement. However, in a few series [29] , even in patients with advanced nodal disease, a benefit was found for multivisceral resection.
Though the above studies seem to imply that a highly selected group of patients could benefit from PD combined with gastrectomy, the heterogeneity of the studies included in this analysis prevents a precise identification of the indications for this aggressive multivisceral resection. The absence of staging information and the lack of information on how the decision was made to do a multivisceral resection in most studies are of great concern. Thorough pre-operative investigation will also allow for the selection of patients for neoadjuvant chemotherapy, to allow for possible down-staging, or assessment of tumor response to chemotherapy regimens. Patients who present with such extensive tumor burden that a PD is required for resection would likely benefit from the addition of chemotherapy or chemoradiation, and a multi-disciplinary approach should be explored.
This analysis is limited by the heterogeneity of the studies included. In some studies, PD was likely performed for incurable factors such as extensive nodal metastasis, or despite incurable factors such as distant metastatic disease. Additionally, the rationale for performing a simple gastrectomy was unclear in many cases, and in some series was due to incurable factors. Given the retrospective nature of all of the studies, there was likely significant selection bias for which patients were offered the PD over a simple gastrectomy. The possibility of publication bias also exists because positive outcomes will be reported more frequently. Due to the lack of quality reliable evidence, the subset of patients with locally advanced gastric cancer who may benefit from combined gastrectomy and PD could not be elucidated, and thus no indications for PD can be strongly recommended. An important endeavor will be to better define this subset of patients, as the studies reviewed present somewhat conflicting data. As surgical management of these patients continues to improve and as chemotherapeutic regimens develop, the balance of risk to benefit of this complex procedure may shift to give it an increasing role in patient management.
Conclusion
PD combined with gastrectomy is associated with a higher incidence of surgical morbidity than gastrectomy alone. There may be a subset of patients with gastric cancer invading the pancreas or duodenum in which multivisceral resection by PD combined with gastrectomy achieving an R0 resection may provide long-term survival in the absence of no incurable factors. However, due to the paucity of data this could not determined definitively. PD combined with gastrectomy is of no survival benefit to patients with systemic metastases or positive peritoneal disease.
